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Electric field calculations in the vicinity of a 
conductor above ground are developed with constraints 
ii 
on the distance from the conductor for which the elec-
tric field equations can be applied for practical appli-
cations. The electric field in the vicinity of a small 
water drop adhering to the conductor has been calculated. 
Application of this electric field in the vicinity of 
the water drop has been used to compute the apparent 
surface charges and also the forces on the small water 
drop surface. Methods for the calculation of space charge 
due to ionization on the water drop has been suggested. 
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I. INTRODUCTION 
In recent years, the development of high voltage 
transmission lines has increased, causing many problems 
other than the construction problems of EHV lines. Primary 
interest among scientists and line designers is power loss 
and audible noise due to corona. For voltages below 500 
kV, energy loss and radio interference are the main con-
cerns to line designers. For voltage above 500 kV, audible 
noise becomes most important because it disturbes the resi-
dents located near the right-of-way of EHV lines. Corona 
discharges from transmission lines are the primary causes 
of audible noise on transmission lines, especially during 
rainstorms. The main factor in the production of corona 
during rainstorms is the corona discharge from water drops 
either passing near the conductor or adhering to the con-
ductor. 
Many papers have been written discussing observations 
made during experiments. W. N. English1 studied corona 
discharge from a water drop point in a point-to-plane gap. 
The water drop point was produced from the tip of the 
capillary tube in the form of a hemispherical drop. Impor-
tant results from these experiments are: a water drop 
point has a very low secondary electron emission coeffi-
cient and lack of drop curvature results in a variation 
of the values of the onset potential. For the positive 
2 
point discharge, three kinds of voltage regions have been 
classified as spray, stable and drop regions; for the 
negative point discharge, only two kinds of voltage re-
gions appear--spray and drop regions. Corona from negative 
point discharge is different from normal trichel pulses 
as from the metal boss because water has no free electrons 
to be emitted in the high field. Loeb interpreted that 
negative corona occurred due to corona discharges from 
induced positive charges of the small droplets ejected 
from the main drop. Tsunoda and Arai 2 investigated corona 
discharge phenomenon from water drops on a cylindrical 
conductor surface under the application of an ac voltage. 
They also obtained relationships between the equivalent 
rainfall and the noise power and investigated the electric 
fields surrounding the water drops. Photographs showing 
the change of water drop shapes with time have been 
presented. 
Usually, water drops change from hemispherical to 
conical shape due to gravitational and electrostatic forces. 
Electrostatic forces on the water drop surface do not de-
pend upon the polarity of the conductor. These forces 
always have a direction outward from the water drop sur-
face3. If the forces mentioned overcome the surface ten-
sion of the water drop, the small droplets will be pulled 
out from the main drop, causing corona discharge and dis-
charges between the droplets and the main drop, creating 
audible noise. 
3 
Akazaki and Lin4 investigated corona discharges from 
water drops on the inner conductor of a coaxial cylinder 
for both ac and de excitation and classified the noise 
caused by corona discharge as cracking and hissing noise. 
They observed that cracking noise occurred when small 
droplets break off from the main drop, whereas the hissing 
noise occurred when droplets break off from the main drop 
in spray form. The occurrence of these cracking and hissing 
noises is dependent upon the dripping frequency of the 
water drops. If the dripping frequency is high, there 
is not enough time for hissing corona to develop. The 
authors 4 also presented the relationship between corona 
noise, corona loss and water drop frequency. 
Holburg and Melcher 5 presented a description of the 
behavior of water droplets with non-zero flow rates in 
high electric fields. The author 5 classified three 
distinct modes of water droplets: (1) normal dripping 
in a low field; (2) elongated water drops breaking off 
at the tip, producing a cracking noise; and (3) elongated 
water drops with long fine needlelike structure breaking 
off into a spray at the end of the needle. These three 
distinct modes were described in the relation between 
water flow rate and electric field on the conductor. 
Boulet and Jakubczyk6 , in their work, presented the 
relationship between surface tension, radius of wire and 
electric field at the conductor, and the relationship be-
tween the shape of the water drop and maximum electric 
4 
Discharges from hemispherical water drops adhering 
to the conductor are not the same as metal boss adhering 
to the conductor because the water drop always changes 
shape. The ionization mechanisms for the water drop is 
also different from t hat of the metal boss. The difference 
in ionization between water drops and metal boss is due to 
the characteristic of water. However, corona discharges 
have been observed that cause audible noise and oscilla-
tion of transmission lines. 
The number of water drops and field on the water drops 
are the main effects in causing audible noise and oscilla-
tion of transmission lines. If the electric field on the 
conductor is high, the dripping frequency of the water 
drops increase and audible noise due to corona discharges, 
as well as the forces exerted on the water drops are high. 
This paper will present the methods of calculation 
of electric fields in the vicinity of hemispherical drops. 
These methods of calculation are needed f or the study of 
corona discharges from water drops. The methods of calcu-
lation of surface charges on the water drop are based upon 
the theory of polarization. Forces exerted on the water 
drop have been calculated in the same manner as calculating 
forces on a metal surface. Electric field calculations 
can be applied to both corona discharges from direct 
voltage and alternating voltage because at the normal 
power frequency (60Hz), the applied voltage during a 
5 
cycle does not alter the characteristic of water. The 
reason for that is that the arrangement of the dipole 
moment in the water drop can follow the alternating field 
due to the supply voltage. Frequencies above 100 MHz 
can alter the characteristic of polarization of water 
molecules 7 ' 8 . It should be noted that the dielectric 
constant is independent of frequency and is about 81.2 
at 17° C for water. 
II. FIELD CALCULATIONS 
This chapter presents the methods used in the 
calculation of the electric field at any point around 
6 
a conductor above ground. The electric field calcula-
tions in the vicinity of the conductor have been modified 
to determine the electric field in the vicinity of a 
hemispherical water drop adhering to the conductor. 
Based upon the theory of polarization, surface charge 
on the water drop has also been computed. 
A. RELATIONSHIP BETWEEN ELECTRIC FIELD AND DISTANCE FROM 
CONDUCTOR ABOVE GROUND 
The potential from a conductor at a distance h above 
ground may be assumed to be the potential from an imaginary 
line charge at a distances above ground9 . The diagram of a 
conductor above ground is shown in Fig. 1. The relation-
ship between the distance of the conductor above ground, 
the radius of the conductor, and the imaginary line charge 
can be expressed as follows: 
s = (1) 
Let q be the imaginary line charge per unit length of 
conductor, then the potential at any point P(x,y) due to 




GROUND X AX: 
IMAGE CHARGE 
Fig. 1. Diagram of a Single Conductor Above Ground. 
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v = (2) 
V- potential at point P(x,y) 
r 1 -distance from line charge q to point P(x,y) 
r 2 - distance from imaginary line charge -q to point 
P(x,y) 
K - dielectric constant of space outside conductor 
-2 
E - permitivity of free space (8.85xl0 cou-
o 
2 2 lomb /newton-m ) . 
To change r 1 , r 2 into the coordinates of x,y then 
and 
Therefore, the potential at P(x,y) is: 







The electric field gradient at any point P(x,y) is: 
E = - grad V = [a v ax ; av . ] ...&... +- J ay 
where i and j are unit vectors along the x and y axis, 
( 3) 
( 4) 




2 2 2 




2 2 2 2 [(x + (s-y) ) 2x- (x + (s+y) ) 2x ] 
2 2 2 (x + (s-y) ) 
= -2q [ sxy ] 
TISK 2 2 2 2 
o (x + (s+y) ) (x + (s-y) ) 
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2 2 2 2 
av q [ (x + (s-y) ) (2s+2y)- {x + (s+y) ) (-2s+2y) J 
ay = 4Tis0 K (x2+ (s+y) 2) (x2+ (s-y) 2) 
By substituting ~~ and ~~ into equation (4), the following 
equation for the electric field gradient is found to be: 
E = ~ [ 2 s~y 2 2 -] i 
TIE:oK {x + (s+y) ) (x + (s-y) 
10 
B. MODIFIED ELECTRIC FIELD IN THE VICINITY OF A CONDUCTOR 
The electric field in the vicinity of a wire will be 
considered in order to find the electric field in the 
vicinity of water drops adhering to a conductor. 
If the distance between the center of the conductor 
and ground is large when compared to the radius of t he 
conductor, then, equation (1) becomes: 
s ~ h 
(6) 
as h>>R. 
Consider the electric field at a certain distance from the 
center of the conductor (using Fig. 2). The electric field 
above the conductor on the y axis has the smallest value, 
and the electric field below the conductor on the y axis 
has the greatest value at the same distance from the center 
of the conductor. The electric field at any point the same 
distance from the center of the conductor is in the range 
between these two values. 
From equation (5), the electric field along they axis 
(x = 0) can be found: 
2 2 
E = -qs[s - y ] j 
y TIE K[s+yJ 2[s - yJ 2 
0 
















K[h+y] 2[h-y] 2 j 
= 
Sh . 




Now, let r be the distance from the center of the conductor 
to the point of calculation along the y axis as shown in 
Fig. 3. 
The electric field below the conductor along the y 
axis, with y = h-r, as shown in Fig. 3, substituted into 
equation (7) becomes: 
E y ( 8) 
The electric field above the conductor along the y axis 
with y = h+r substituted into equation (7) becomes: 




= _q ___ .!. 





where r is the unit vector outward from the center of the 
conductor and Er is the electric field gradient at distance 
r from center of the conductor. The electric field as 
13 
calculated in equation {10) will be used throughout this 
paper whenever considering the electric field in the vicinity 
of the conductor where h>>r. The potential at any point 
in the vicinity of a conductor can be calculated from equa-
tions {3) and {6) as follows: 




Now let E be the electric field at the surface of a con-
o 
ductor with radius R, then from equation {10): 
E =~- 1 r 
o 2'1TE K R 
0 
{12) 
The relationship between the electric field at any distance 
.r and the electric field at the surface of a conductor is 
from equations {10) and {12): 
IE I r = IE I R. r o (13) 
The relationship between the electric field at the surface 
of a conductor and the potential of the conductor is 
obtained from equations {11) and (12) and is: 
V = IE I R £n 0 0 2h R 




C. ELECTRIC FIELD CALCULATIONS IN THE VICINITY OF WATER 
DROPS ADHERING TO A CONDUCTOR 
Corona discharges during a rainstorm occur at the 
water droplets on the conductor. Water drops adhering to 
the conductor form a hemispherical shape before converting 
into a conical shape due to electrostatic forces. In order 
to simplify the calculations of electric fields in the 
vicinity of water drops adhering to a conductor, it is 
assumed that the water drop is a small hemispherical drop 
when compared to the size of the conductor. The distance 
between the center of the conductor and ground is very 
large when compared to the size of the conductor. It is 
also assumed that the water drop shape remains rigid and 
no droplets break off from the main drop during corona 
discharges. 
When the conductor is energized, the electric field 
gradient due to the supply has the direction radial out-
ward from the conductor. The magnitude of the electric 
field gradient in the vicinity of the conductor varies 
inversely with the distance from the center of the conductor, 
(equation 10). Since the water drop is small, the electric 
field that arranges the dipole moment in the water drop can 
be assumed constant. The arrangement of the dipole moment 
in the water drop in this case is the same as the arrange-
ment of the dipole moment in a uniform field. The dipole 
moment can be expressed in terms of the electric field 
gradient7 as follows: 
15 
m = aE (15) 
m - induced dipole moment of any dielectric material 
a - polarisability of the dielectric material 
E ·- electric field gradient applied to the dielectric 
material. 
Consider the electric field of a spherical water drop 
in a uniform field as shown in Fig. 4. The electric field 
in the vicinity of the hemispherical water drop adhering 
to the flat plane is shown in Fig. 5 and is the same as 
the electric field in Fig. 4. Therefore, the dipole moment 
of the hemispherical drop can be assumed to be concentrated 
at the origin of a hemispherical drop as in the case of 
a water drop in a uniform field. The potential due to 
the dipole moment depends upon the distance from the center 
of the dipole moment and the cosine of the angle made with 
the direction of the dipole moment. The potential due to 
the dipole moment at the base of the drop attached to the 
conductor is zero. The potential at the surface of the 
conductor at which the water drop is adhering is equal to 
the potential due to the supply only. 
Since the polarisability of a spherical water drop 
. . by7 l.S g1ven 
(16) 




Fig. 5. Hemispherical Drop 
Adhering to a Flat 
Plane. 
CONDUCTOR 
t'Va ter Drop ( E: 2 ) Radius a 
Fig. 6. Hemispherical Drop Adhering to a Conductor. 
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where a is the radius of the spherical water drop, then, 
from equations (15) and (16) the dipole moment of a hemi-
spherical drop can be expressed as: 
(17) 




- electric field at the surface of a conductor with 
a water drop adhered 
£ 1 - dielectric constant of space 
£ 2 - dielectric constant of water. 
The potential due to the dipole moment can be found as: 
v 
m 












r - distance vector from the center of the water drop 
to the point of calculation. 
The total field gradient at any point in the vicinity of 
the hemispherical water drop adhering to the conductor is 
the vector sum of the field gradient due to the dipole 
moment of the hemisPherical drop and the field oradient 
18 
From equation (19): 
3m•r -- m 
= --~ r .,.. -3 + Es (20) 
r r 
where ET is the total field gradient, and Es is the field 
gradient due to source. To find the field gradient at the 
water surface, it can be assumed that the electric field at 
the surface of the water drop is due to the source and has 
its direction downward, since the water drop is small when 
compared to the conductor. Since the conductor is some 
distance above ground, the electric field due to supply 
depends only upon the distance from the center of the 
conductor. 
From equation (13) and Fig. 7, the electric field 
gradient at the surface of a water drop due to source is 
seen to be: 
E R 
Es = if-+-{--co-s··tr (21) 
From equations (17), (20), and (21) at r =a, the follow-
ing determination is made: 
( 22) 
- - -----field due to dipole 
moment 
field due to supply 
m 
_Js2-sl) -














a cos e 
~ 
3(s 2+s 1 ) 
2sl+s2 
cos e 
IF: I 0 
Fig. 7. Field at the Surface of a Hemispherical Water Drop. 
m 
++++++++++++++++ 
- - - - CONDUCTOR 
SURFACE 
Fig. 8. Apparent Surface Charge of a Water Drop. 
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ETw - field gradient at surface of the water drop 
k - unit vector from center of the water drop to 
the point to be calculated. 
D. CALCULATION OF SURFACE CHARGE ON THE WATER DROP 
Apparent surface charge density of water drops can 
be calculated by considering the following equations7 
m=~ 
and 
a = P·n 
P - dipole moment per unit volume 
v - volume of dielectric material used in finding 
the apparent surface charge 
n - unit vector normal to the dielectric material 
a - surface charge density. 




Since m is the dipole moment considered for spherical 




density from equations {17) and (25) can be expressed as: 
21 
IE I 0 
3 
-3 cos 8 
4Tia 
( 2 6) 
where 8 is the angle of the unit vector n made with dipole 
moment mas shown in Fig. 8. The electric field caused by 
the apparent surface charge is given as: 
E = 47Tan q (unrationalized system) 
which from equation (26) becomes: 
E q (27) 
The first part, on the right side of equation (22), 
is the same as equation (27). This means that the radial 
component of the electric field at the water surface is 
produced by the apparent surface charge on the water drop. 
This radial component of the electric field on the water 
drop is large compared to the vertical component. 
III. APPLICATIONS AND GRAPHICAL RESULTS 
This chapter presents the results and applications 
obtained from the field calculations presented in the 
previous chapter. The results obtained from the exact 
22 
and modified electric field calculations are presented in 
order to use modified field calculation in the range that 
is accurate enough for practical considerations. Results 
of the electric field calculations in the vicinity and at 
the surface of the water drop are shown. With the calcula-
tion of surface charge on the surface of the water drop 
in Chapter II (D), forces on the water drop surface in 
the downward direction have been expressed both in terms 
of the radius of the water drop and the electric field at 
the surface of the conductor. Methods suggested for space 
charge calculations around the water drop are also presented. 
A. A COMPARISON OF THE RESULTS OBTAINED FROM THE EXACT 
AND MODIFIED ELECTRIC FIELD SOLUTIONS 
For practical purposes, the electric field in the 
vicinity of conductor due to source can be calculated 
from equation (10). From equations (8) and (9), the elec-
tric field has been modified directly from equation (5) for 
the case of the large distance between conductor and ground 
compared to the size of the conductor. The electric field 
calculation in equation (10) has been compared with the 
23 
electric field calculations of equations (8) and (9) in 
Table I. 
TABLE I. 
ERROR IN PERCENT FOR USING MODIFIED ELECTRIC FIELD CALCULATION 
1-
E ~~E E -E 




.001 .050 -.050 
.005 .250 -.250 
.010 .500 -.500 
.020 1.000 -1.000 
.050 2.500 -2.500 
.080 4.000 -4.000 
.100 5.000 -5.000 
-
.200 10.000 -10.000 
.300 15.000 -15.000 
.400 20~000 .. -20. 000 
Eb - electric field below the conductor from equation 
( 8) 
E - electric field above the conductor from equation 
a 
(9) 
E - modified electric field from equation (10). 
m 
From Table I, the error in percent for using equation 
(10) in calculating the electric field is very small when 
the distance from the center of the conductor to the point 
24 
to be calculated is also small compared to the distance of 
the conductor above ground. r For h not exceeding 0.02, the 








is accurate enough for most purposes. For example, if the 
distance of a conductor above ground is 30 meters, the 
maximum distance from the center of the conductor that 
allows application of equation (10) wi~h an error of 
approximately 1% is 3000x0.02 = 60 em. This is more than 
adequate considering the electric field intensity in the 
vicinity of a water drop. 
B. RESULT OF ELECTRIC FIELD CALCULATIONS IN THE VICINITY 
OF A WATER DROP 
For known values of the radius of a conductor and the 
radius of a water drop, the electric field at the surface 
of the water drop can be calculated from equation (22) 
because the electric fiel d due to the source can be assumed 
to be in the direction of the dipole moment. When calcu-
lating the electric fie ld near the water drop surface, the 
electric field cannot be assumed to be in the direction of 
the dipole moment. This electric field can be calculated 
from equation (20) where the electric field E (due to the 
s 
source and calculated from equation (10)) has a direction 
outward from the center of the conductor for a positive 
25 
source potential. The electric field due to the dipole 
moment is calculated from equation (15) as illustrated in 
Fig. 9. 
Let RFD, RFW be the distance from the center of the 
water drop and the distance from the center of the conductor 
to the point to be calculated. For certain values of 8 and 
RFD as shown in Fig. 9, RFW can be expressed as: 
RFW 
1 
= [R2+RFD 2-2R(RFD) cos (180-8)]2 . 
From the law of sines: 
. -1 [(RFD) sin (180-8)] . y = S1n RFW 
(28) 
(29) 
The electric field at any point is the vector sum of the 
electric field due to the dipole moment and electric field 
due to the source. The electric field at the surface of 
the water drop and the electric field along 8 = 0° axis 
are important in considering the region of ionization, 
speed of space charge and the fo r ces t hat act on the water 
drop surfaceo 
As a practical consideration in calculating the elec ·-
tric field in the vicinity of the water drop, let the 
distance of the conductor above ground be very large when 
compared to the size of conductor. By using a radius of 
the conductor as 2.5 em and the radius of water drop as 
WATER DROP 
-------field due to dipole 
moment 













31 ml cos e 
3 
r 
Fig. 9. Electric Field Out of a Water Drop. 
CONDUCTOR 
Fig. 10. Symbols Used for Field Calculations. 
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0.25 em, the results of the electric field along the e = 
0° axis and at the water drop surface have been calculated 
and shown in Tables II, III, and Figs. 11 and 12. The 
dielectric constant of water and space around the water 




electric field at any point with water drop 
w 
adhering to a conductor 
~ electric field at any point without water drop 
s 
adhering to conductor 
d - ratio of the distance from the center of a water 
drop to the point to be calculated and the radius 
of a water drop. 
The electric field at the water drop surface shown in 
Fig. 12 is maximum at the tip of the water drop (8° = 0) and 
decreases as the angle 8increases .. Although the electric 
field at the tip of the water drop is large, it decreases 
rapidly as the distance from the center of the water drop 
increases as shown in Fig. 11. The electric field at 
various angles 8 and distances from the center of the water 
drop are shown in the appendix. For comparison purposes, 
the electric field due to the source under various conditions 
(using the diagram and symbols in Fig. 10) are presented in 
the appendix. 
TABLE II. 
FIELD DISTRIBUTION NEAR A WATER DROP 































FIELD DISTRIBUTION AT WATER DROP SURFACE 
d = 1.0 
0 E (JJ e ETOTAL = Ang1 Ang2 E 
s 
0 3.11951 0.000 0.000 
5 3.10766 5.241 0.454 
10 3.07222 10.479 0.905 
15 3.01351 15.714 1.352 
20 2.93205 20.941 1.790 
25 2.82856 26.158 2.219 
30 2.70397 31.362 2.634 
35 2.55936 36.551 3.034 
40 2.39600 41.719 3.416 
45 2.21532 46.863 3.778 
50 2.01888 51.874 4.116 
55 1.80836 57.045 4.429 
60 1.58553 62.061 4.714 
65 1.35229 67.000 4.969 
(TABLE III continues) 
30 
TABLE III (continued) 
0 E e ETOTAL = w Angl Ang2 
Es 
70 1.11056 71.818 5.191 
75 0.86236 76.427 5.378 
80 0.60974 80.589 5.528 
85 0.3550 83.388 5.640 












e = o 
E: = 80 2 
8 9 10 
Fig. 11. Field Distribution Near a Water Drop. 
R 
- = 10 
a 





Fig. 12. Field Distribution at a Water Drop Surface. 
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C. CALCULATION OF FORCES ON WATER DROPS IN AN ELECTRIC 
FIELD 
The electric field calculations on the hemispherical 
drop are of interest in ultra high voltage studies. They 
lead to the investigation of the phenomena of corona on 
the water drop, losses and audible noise on the trans-
mission line due to the presence of the water drop. 
Calculations of forces on the hemispherical drop will 
allow a determination of the shape of the water drop as 
it changes due to the electric field as well as inducing 
oscillation of the transmission line. Audible noise 4 and 
radio interference also depends upon the changing shape 
of the water drop on the transmission line. 
Forces on the water drop adhering to the conductor 
depend upon the electric field on the surface of the water 
drop, and the radius of the water drop. For the case of 
the water drop being small when compared to the size of 
the conductor, the ratio of electric field on the surface 
of the water drop to electric field due to the source 
depends upon the shape of the water drop and not upon the 
size of the water drop. Neither do the forces on the 
water drop depend upon the polarity of the electric field 3 . 
These forces are always in a direction outward from the 
water drop. 
33 
Forces on the area element dA of the surface of a 
conductor with surface charge density a and electric field 
- 9 intensity E can be expressed as : 
s IE 12 2 
df 0 dA a dA = _2_,._..., = 2E~ 
0 
( 3 0) 
From the above equation, it is seen that forces are always 
outward normal to the conductor and do not depend upon the 
polarity of the surface charge. 
From equation (22), it is seen that the second part on 
the right-hand side of the equation is very small, being 
only a few percent of the first part for the case of a 
small water drop compared to the size of the conductor. 
The second part of equation (22) can be neglected in 
calculating the field at the water surface with the 
resultant expression of: 
E ~ 
wn 
IE I cos 8 k. 
0 
(31) 
Since this electric field has been shown to be the 
electric field due to the apparent surface charge density 
on the water drop, and the dielectric constant of water 
is about 80 times that of the space, forces on the area 
element dA of the water drop can be expressed as: 




( 3 2) 
df ~ force on the area element dA of water drop (Jj 
surface 
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E - electric field due to surface charge a, normal wn 
to the water drop surface. 
For a hemispherical water drop of radius "a", the 
force acting on the water drop in the direction downwar d 
is shown in Fig. 13. This force can be calculated by 
integrating the area in the small ring as shown in Fig. 
13. 
0 
for s 2 = 80, s 1 = 1 and 




cos 8 •sin 8 ·d8 
( 3 3) 
s = 8.85xlo - 12 coulomb2/newton-m2 
0 
dyn (34) 
Fd - total forces in downward direction 
E - electric fie l d at surface of the conductor 
0 
KV/cm 
a - radius of water drop em. 
For example, with a conductor radius of 2.5 em and a 
radius of the water drop 0.25 em and an electric field 
35 
at the surface of the conductor of 15 kV/cm,equation (34) 
gives the force in the downward direction as: 
= 81.65 dynes. 
D. APPLICATION OF ELECTRIC FIELD CALCULATIONS TO SPACE 
CHARGE ON THE WATER DROP 
To apply electric field theory to the calculations of 
space charge on the water drop, it is assumed that the 
critical field for starting ionization of the water drop 
is 30 kV/cm peak (the breakdown voltage of air around the 
water drop). For alternating applied voltage (when the 
voltage increases in the positive half cycle), the electric 
field around the water drop increases. When the electric 
field at the tip of the water drop exceeds the critical 
field, electrons around the water drop will move to the tip 










will be left behind and the space charge moves out from 
the water drop. Electrons from the ionization process 
move into the water drop and to the conductor. The number 
of electrons that migrate is dependent upon the difference 
between the electric field on the water drop and the critical 
field. It appears that when the electric field exceeds the 
critical field, the space charge will try to compensate for 
the difference between the electric field on the water drop 
and the critical field. Positive space charge moving out 
from the water drop will induce a field on the conductor 
that causes an induced dipole moment opposite to the initial 
dipole moment in the water drop. If the field on the water 
drop, due to the source and the space charge, exceeds the 
critical field, ionization still occurs. There will be 
some point in the positive half cycle where the field at 
the tip of the water drop is less than the critical field. 
Ionization then ceases and positive space charge still 
moves out from the water drop until the applied voltage 
goes to zero. 
In the negative half cycle, positive space charge from 
the previous half cycle is pulled to the water drop and the 
field around the water drop increases until it exceeds the 
critical field. However, ionization does not occur because 
there is no initial electrons to start the ionization proc-
ess, and the water itself does not emit electrons even in 
high fields. Therefore, electric fields around the water 
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drop in the negative half cycle are higher than the f ields 
in the positive half cycle. 
When voltage is applied to the conductor, the field 
at the surface of the conductor can be calculated from 
equation (14): 
IE I = 0 
V - applied voltage in kV 
0 
R - radius of wire in em 
h - distance of wire above ground em 
E - field at surface of the conductor kV/cm. 
0 
( 3 5) 
The electric field at the surface of the water drop 
can be calculated from equation (31), for the critical 
field gradient at the tip of the water drop (30 kV/cm), 
then, 
IE I c ( 3 6) 
E - critical field gradient at the surface of the 
c 
conductor. 
From equations (35) and (36) 
2h 
R (37) 
V ~ critical voltage at which ionization starts. 
c 
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The time in each cycle at which ionization starts in the 
positive half cycle can be found from equation (37) with 
the relation of Vc = Vm sin wtc 
t - critical time at which ionization starts 
c 
V - maximum applied voltage 
m 
w - 27Tf. 
(38) 
When the applied voltage increases, the disruptive 
voltage and time at which ionization starts can be cal-
culated from equations (37) and (38), respectively. In 
order to find the space charge emitted at any time, the 
condition that the number of electrons depends upon the 
difference between the dielectric field on the water drop 
and critical field is assumed to be true. 
At any time, if the electric field on the conductor 
at which water drop adheres is known, the electric field 
on the water drop at that time can be expressed as in 
equation (31), 
(39) 
E - electric field on the water drop at any 
wt 
time t 




Since the electric field on the water drop in equation (39) 
has been proven to be the electric field caused by surface 
charges on the water drop, the surface charge density on 




( 4 0) 
From equation (39), the region of ionization on the water 
drop can be calculated by setting the critical field on 





8 - angle limited the region of ionization. g 
( 41) 
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Charges on the water surface in the region of ioniza-
tion can be calculated by integrating the surface charge 
density over the region of ionization by using Fig. 13. 
The area of the ring at any angle 8 of Fig. 13 can 
be expressed: 
dA 2 = 27fa sin e de. ( 4 2) 
Charges in the region of ionization can be calculated at 
any time t from equations (40) and (42). 
qgt = J cr·dA 
A 
= ( 4 3) 
Charges in the region of ionization that correspond to the 







2 27Ta sin e de 
2 
= 30£ •27fa (1-cos e ) . 0 g 
The number of electrons from ionization will compensate 
(44) 
for the difference between charges from equation (43) and 
the critical charge from equation (44). The positive 
space charge has to be equal to the number of electrons 
produced during ionization around the water drop. There-
fore, the positive space charge at any time t can be found 
by the following: 
(4 5) 
gst .,._ the positive space charge at any time t. 
The above calculations for the space charge are presented 
for further investigation of corona from the water drop and 
can be used when the exact nature of corona from the water 
drop is well-known. 
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IV. CONCLUSION 
Electric field calculations in the vicinity of a 
conductor have been presented in a simple form that can 
be used for practical considerations. The electric field 
in the vicinity of a conductor can be assumed to have a 
direction outward f r om the center of the conductor for 
positive source applied and to be constant at the same 
distance from the center of the conductor. 
The electric field on the surface of the water drop 
adhering to the conductor is maximum at the tip of the 
water drop and is approximately three times the electric 
field at the surface of the conductor and decreases as 
the angle from the center of the water drop deviates from 
the tip of the water drop. The electric field on the 
surface of the water drop depends primarily upon the elec-
tric field due to the surface charge on the surface of the 
water drop. Therefore, the total field on the surface of 
the water drop has a direction nearly normal to the surface 
of the water drop. The electric field along the downward 
axis from the tip of the water drop decreases rapidly as 
the distance from the center of the water drop increases 
and is nearly equal to the electric field due to the supply 
when the distance is large. 
Forces on the surface of the hemispherical water drop 
can be calculated in the same manner as calculating forces 
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on the surface of the metals. Although the characteristic 
of water is different from that of metal in the case of 
considering corona from these two substances, the electric 
field on the water drop and metal boss adhering to the 
conductor is nearly the same. The electric field on the 
water drop is lar~ely dependent on the apparent surface 
charge. The electric field on metal boss is caused by the 
true surface charge. The electric field in the water it-
self is very small due to the high dielectric constant of 
water. Therefore, the force calculations on the water 
drop surface can be found by considering the field due to 
the apparent surface charge only as in the case of metal 
boss with only a few percent of error. Equation for cal-
culating forces has been presented in simple form and can 
be used for small hemispherical water drops adhering to a 
conductor or in considering the shape changing of the water 
drop from hemispherical to conical shape or breaking off 
of the water drop when these forces overcome the surface 
tension of the water drop. 
The electric field at the vicinity of the water drop 
and forces on the surface of the water drop are important 
in investigating the corona phenomena. They are also use-
ful in basic considerations of the audible noise corona 
loss, radio interference, and induced oscillation of the 
transmission line. 
The calculation of space charges emitted at any time 
are suggested for the case of ionization occurring on the 
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water drop without water droplets breaking off from the 
main drop. At the present, the exact nature of the corona 
phenomena from the water drop is not well known. Electric 
field forces and space charge calculations may be useful 
f or the further investigation of the corona phenomena 
associated with water drops. Audible noise, corona loss 
radio interference and forces depend upon the electric 
field at the water drop surface. 
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APPENDIX: 
FIELD INTENSITY AT THE VICINITY OF WATER DROP WITH 
R = 10.0 AND SYMBOL AS IN FIG. 10 
a 
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d = 3. 0 
ANG1 AN.G2 































































































































































































~ = 10 
a 
d = 6.0 
8 ETOTAL ANG1 ANG2 
0 1.01427 0.000 0.000 
5 1.01415 1.953 1.874 
10 1.01379 3.902 3.746 
15 1.01320 5.843 5.614 
20 1.01240 7.770 7.475 
25 1.01140 6.968 9.327 
30 1.01023 11.572 11.167 
35 1.00893 13.437 12.992 
40 1.00753 15.273 14.800 
45 1.00605 17.076 16.587 
50 1.00054 18.843 18.350 
55 1.00305 20.569 20.084 
60 1.00159 22.250 21.786 
65 1.00022 23.883 23.450 
70 0.99806 25.461 25.070 
--
75 0.99784 26.981 26.640 
80 0.99688 28.435 28.152 
85 0.99611 29.817 29.597 
90 0.99554 31.117 30.963 













































































































































































































































d = 10.0 
ANG1 ANG2 
0.000 0.000 
2.518 2.499 
4.027 4.999 
7.555 7.499 
10.071 9.999 
12.586 12.499 
15.098 14.999 
17.608 17.499 
20.116 19.999 
22.621 22.499 
25.123 24.999 
27.622 27.499 
30.119 29.999 
32.613 32.499 
35.104 34.999 
37.594 37.499 
40.082 39.999 
42.596 42.499 
45.054 44.999 
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